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A b s t r a c t
Both conventional and nonconventional process alternatives for gold recovery from 
cyanide heap leach so lu tions are discussed in terms of possible flowsheets. 
Conventional process alternatives include carbon adsorption and zinc dust precip­
itation, while nonconventional process alternatives include resin ion exchange, solvent 
extraction, and direct electrowinning. These strategies for gold recovery are compared 
on the basis of technological features and on the basis of process economics. Review of 
the technology status and process economics suggests that improvements for 
conventional process alternatives are possible and that further development of 
nonconventional process alternatives is warranted.
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Cyanidation of gold and silver ores by conven­
tional mining and milling techniques has been 
practiced for over a century. During the past 
decade, heap leaching has emerged as a viable 
process for treating certain gold and silver ores 
(Chamberlain and Pojar, 1981). The rapid develop­
ment of heap leaching for gold and silver ores is 
largely a result of lower capital and operating 
costs and faster start-up time than that offered 
by conventional mining and milling. In general, 
these features make heap leaching an ideal ap­
proach for exploiting either small or large low- 
grade disseminated deposits of gold and silver 
considered to be uneconomic by conventional meth­
ods. The development of heap leaching technology 
has evolved from the operations initiated in the 
western United States.
The basic components of a typical heap leaching 
operation are depicted in Figure 1. Run-of-mine 
or crushed ore (usually 1 to 5 ppm gold) is deliv­
ered to specifically prepared impervious pads. 
Alkaline cyanide solution is applied to the sur­
face of the heap and allowed to percolate through 
the heap (typically 10-30 ft high). Pregnant 
leach solution which drains from the heap is col­
lected and stored in tanks of sufficient size or 
in collection reservoirs. Gold and silver are 
recovered from the pregnant solution and the bar­
ren solution is recirculated back to the heaps 
after reagent make-up.
'Carbon adsorption and zinc ^precipitation are 
the principal methods used to recover gold and
INTRODUCTION silver from heap leach solutions; however, there 
are several proven alternatives already available 
and others emerging that show promise. Some of 
the alternative methods for recovering gold and 
silver include: resin ion exchange, direct elec­
trowinning, solvent extraction, aluminum precipi­
tation, and sulfide precipitation.
With every recovery option, except carbon and 
resin adsorption, suspended solids must be elimi­
nated from the process stream. Typical heap leach 
solutions may contain anywhere from 10 to 300 ppm 
total suspended solids but can fluctuate widely 
from these values depending on such factors as 
weather, ore type, age of the heaps being leached, 
and ore agglomeration. Therefore, the flowsheet 
shown in Figure 1 includes a step for clarifying 
the pregnant liquor. The clarifier should be 
capable of reducing the TSS concentration in the 
range of 2-5 ppm.
Even though there has been considerable inter­
est in developing alternatives to cyanidation 
(i.e., thiosulfate, thiourea, and brines), dilute 
alkaline cyanide solution remains the preferred 
lixiviant for leaching gold and silver ores.
Table 1 reports the concentrations of selected 
components in some actual solutions from heap 
leaching operations using alkaline cyanide.
New developments in heap leaching have dealt 
with improving the leaching part of the operation 
and have not examined metal recovery from solu­
tion. For example, there have been major attempts 
to improve the design and construction of heaps, 
to stabilize slimes (agglomeration) for improved














Figure 1. General layout of a heap leaching operation.
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Table 1. Typical Flows and Leach Solution
Composition for Heap Leaching Operations
Plant















g / 1 pH
A 500 1 . 0 - <5 1 - 8 < 1 350 - 10.5
B 1350 1 - 2 2 . 1 24.1 < 1 < 1 313 0.24 9.8
C ' 500 1 . 0 1.4 2 0 . 0 6 . 0 - 900 0.75 1 0 . 0
D* ' 35 1.5 0.7 4.1 75.0 0.39 164 0.14 9.3
Test heap
solution percolation and enhanced gold and silver 
recovery, and to modify solution chemistry to in­
crease metal extraction. Recently there have been 
both laboratory and pilot-scale studies directed 
at improving metal recovery from cyanide solution 
(i.e., resin ion exchange (Fleming, 1982), solvent 
extraction (Mooiman and Miller, 1983), and direct 
electrowinning (HSA Reactors Limited, 1982)).
This paper reviews the technological status of 
selected recovery options and presents an economic 
analysis in terms of operating and capital costs 
of these processes. Promising process alterna­
tives are examined and areas for future research 
and technological development are identified.
TECHNOLOGY STATUS
Gold recovery from alkaline cyanide solution is 
typically accomplished by carbon adsorption or 
zinc cementation (Merrill Crowe). These and other 
emerging technologies, particularly resin ion 
exchange, solvent extraction, and direct electro­
winning, are discussed, emphasizing the unique, 
features of each process alternative. =
Carbon in Column (CIC) . ,
The essence of the carbon-in-column process al­
ternative is the adsorption of gold from alkaline 

















Figure 2. Flowsheet for gold recovery by the carbon-in-column process.
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tual flowsheet for this process is presented in 
Figure 2. For typical carbon-in-column operation, 
the cyanide leach solution is pumped upward 
through columns at a flowrate of 15 to 25 gpm/ft^, 
fluidizing the packed bed of activated carbon 
(16x30 mesh). A carbon-loading level, frequently 
of 2 0 0  oz/ton, is achieved while the carbon is 
advanced countercurrent to the solution through a 
staged circuit. The carbon is advanced at a rate 
necessary to achieve the desired level of load­
ing. Excessive loading generally results in gold 
losses to the barren solution. The staged circuit 
could be replaced by a continuous ion exchange 
contactor, resulting in a substantially smaller 
plant and easier operation.
The loaded carbon is educted to the elution 
column and the gold may be stripped by different 
techniques as suggested in Table 2. A common 
procedure is to strip with 0.1% NaOH and 0.1% NaCN 
at 130°C and 2 bed volumes of strip solution per 
hour. The concentration of the pregnant strip 
solution is generally suitable for electrowinning 
of the precious metals.
Activated carbon prepared from coconut shells 
is preferred for gold recovery from alkaline cya­
nide solutions. These carbons are distinguished 
by high surface areas (> 1 0 0 0  m /g), a narrow 
range of pore sizes (10-20 A) and good mechanical
strength. Carbon regeneration is required to 
remove organics and restore the intrinsic chemical 
activity of the carbon. After removal of carbo­
nate deposits by an acid wash (if necessary), the 
carbon is activated by a thermal treatment in a 
kiln at 600-800°C.
Complete understanding of the gold/cyanide 
adsorption and desorption reactions is lacking. 
High surface areas and pore diffusion are impor­
tant aspects of the adsorption process. A number 
of adsorption mechanisms have been suggested to 
describe the nature of the adsorbed species:
* Anion Exchange, Au(CN ) 2
* Precipitation of Insoluble AuCN
* Pore Reduction to Au°
* Cluster Formation
Generally it has been found that the CN/Au ratio 
of the adsorbed species lies between 2 / 1  and 1 / 1  
and investigators have been inclined to subscribe 
to the idea that adsorption involves cluster for­
mation. This proposed mechanism together with 
different site functionality and pore diffusion 
transport provides great flexibility in accounting 
for the behavior of the system — slow loading 
rates, some chemical specificity, and severe con­
ditions for stripping.
Table 2. Gold Stripping from Loaded Carbon












110°C 6 hr Autoclave elution 
under pressure











8 8 °C 52 hr 1 day presoak
Ortiz^7 ) 1% NaOH 
0.5% Ethanol






77°C 24 hr Safety





70-90°C 6 hr Safety,
Reflux solvent, 
Vapor losses
Murdoch^ ^ 20-40% organic 25°C 8 hr Safety
Organic losses 
New technology
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The Merrill-Crowe zinc-dust precipitation pro­
cess is a mature and well-known technology con­
sisting of solution clarification, deaeration, 
precious metal precipitation, and precipitate fil­
tration. A conceptual flowsheet for the Merrill- 
Crowe process is presented in Figure 3. Cementa­
tion of gold onto a metallic zinc surface is re­
presented by the following reaction:
2Au(CN ) 2 + Zn = 2Au + Zn(CN)|_
A similar reaction can be written for silver pre­
cipitation. Historically, gold cementation with 
zinc shavings was practiced in South Africa as 
early as 1888 (Clennell, 1915). Zinc-dust preci­
pitation known as the Merrill system was intro­
duced in 1897 in the United States and is the 
basis of modern practice. T. B. Crowe in 1918 
patented the process for removing dissolved oxygen 
from gold-bearing solution prior to addition of 
the precipitating agent. This approach improved 
the efficiency of gold precipitation and decreased 
zinc consumption. Early cyanide practice involved 
contacting zinc shavings with a solution of lead 
acetate to establish a powerful galvanic couple 
between the finely divided lead deposit and the 
zinc surface. This procedure provides a substrate 
capable of recovering gold from solutions low in 
free cyanide concentration. Lead nitrate or ace­
tate is added along with Merrillite (zinc dust) in 

















unreacted zinc is pumped directly to a precoat 
pressure filter system. Zinc dust can be added to 
the precoat material (i.e., diatomaceous earth) as 
a safety measure. Typical precipitate analyses 
vary between 10% and 40% Au. It is clear from the 
high zinc consumption that further research effort 
is warranted which could result in a substantial 
reduction of operating costs.
The grade of the precipitate can be increased 
by either consuming excess zinc in the filter cake 
by washing with pregnant solution while the zinc 
feeder is off or dissolving excess zinc with sul­
furic acid after removing the precipitate from the 
filter press. The precious metal filter cake is 
then smelted into bars.
Silver is often recovered by zinc precipitation 
instead of carbon adsorption because of the high 
silver concentration and the poor silver-loading 
characteristics of carbon.
Resin In Column (RIC)
Ion-exchange resins for the recovery of gold 
from cyanide solution is an emerging technology 
which is receiving considerable attention. The 
flowsheet for the resin-in-column plant is similar 
to that for a carbon-in-column (CIC) plant. See 
Figure A. The loading section is virtually iden­
tical; however, the elution (stripping) section is 
different as elevated temperatures and pressures 
are not required as in carbon stripping. Pressur­
ized elution vessels and heat exchangers are 
therefore unnecessary. Again the continuous ion 
exchange contactors can be considered for resin- 
in-column as they were as in the CIC case.
Even though the exchange kinetics are faster 
than the kinetics of adsorption by carbon, it does 
not necessarily mean that less resin and smaller 
loading columns can be used. To the contrary, as 
resin beads are smaller and generally less dense 
than carbon granules, slower flowrates (typically 
6 gpm/ft compared to 16 gpm/ft for carbon) are 
required to prevent the resin bed from being inad­
vertantly transported to the next stage. In other 
words, flowrate limitations rather than exchange 
kinetics determine the reactor size. This problem 
could be solved if dense and/or large resin beads 
were available. Research to this end is in prog­
ress, and the results to date are very promising 
(Hendriksz, 1983).
Figure 3. Flowsheet for gold recovery by the 
Merrill-Crowe process.
Strong or weak base resins can be used, and the 
loading reactions for these resins can be des­
cribed as follows, where |— represents the poly­
meric resin matrix.
Clarified pregnant solution is drawn by vacuum 
into the Crowe tower to lower the dissolved oxygen 
concentration to less than 0.5 mg/1. Zinc dust is 
added at an unspecified rate, far in excess of 
stoichiometry, to the pregnant solution in such a 
way as to limit the ingress of atmospheric oxy­




X + Au(CN)2 J I-NR3 A u (CN ) 2 + X
|-NR2 + H+ + X + |_NR2H+X 
|-NR2H+X“ + Au (CN)2 + |-NR2H+Au(CN): + X
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RESIN ADSORPTION TANKS
Figure 4. Conceptual flowsheet for gold recovery by the resin-in-column 
process.
Similar reactions occur for the extraction of 
silver from cyanide solutions. The weak base 
resins require protonation in order to extract 
anions. This occurs for pH values of less than
1 0 , and, therefore, depending on the resin, some 
pH adjustment of the pregnant leach liquor might 
be required in order to obtain acceptable loadings 
on weak base resins.
Generally, the pH performance of these amine- 
type resins can be described by the plot shown in 
Figure 5.
EQUILIBRIUM pH
Figure 5. The effect of pH on the extraction 
of AuCCN)^ by strong and weak base 
resins.
It is clear that the elution procedure for the 
RIC process will depend on the type of resins,
i.e., weak or strong base. Weak base resin can be 
easily eluted by using a dilute caustic solution 
at ambient temperature. On the other hand, it is 
more difficult to elute the strong base resins. 
Researchers at MINTEK, South Africa, have been 
able to elute Au(CN ) 2  from strong base resins 
using concentrated Zn(CN)|~ solutions (Fleming and 
Nicol, 1981).
2 |—NR^ Au(CN)2 + Zn(CN)|~ J ( |—NR^ )2Zn(CN)
+ 2Au(CN)^
( |_NR3)2Zn(CN)|" + 4H J 2 l-NRjX- + ZnX2 + AHCN
This procedure has proved effective but has the 
disadvantage that the resin needs to be regene­
rated using acid which destroys the zinc cyanide 
complex producing HCN gas which must then be read­
sorbed into NaOH to be returned to the process.
Solvent Extraction (SX)
This technology is still in its infancy, a 
suitable extractant having only recently been 
identified (Mooiman and Miller, 1983). Therefore 
many of the engineering aspects have not been 
studied and in this paper we shall present a 
rather simple flowsheet, incorporating the most 
common contactors, namely, mixer-settlers. This 
approach permits at least a first-order evaluation 
of the capital and operating costs for a gold sol­
vent extraction plant. The conceptual flowsheet, 
shown in Figure 6 , is described on the next page.
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The pregnant leach solution from the heap will 
have to be filtered if the suspended solids con­
tent is too high, in order to avoid excessive 
solvent losses (by adsorption onto the solid par­
ticles). In addition, suspended solids promote 
phase disengagement problems and the formation of 
interfacial crud. The clarified solution is con­
tacted with the organic phase in a series of two 
mixer-settlers with the organic phase flowing 
countercurrent to the aqueous phase. The mixer- 
settlers will have to be designed to allow organic 
recycle to achieve an organic:aqueous phase ratio 
of at least 1:1. The raffinate will have to be 
passed through a coalescence unit In order to 
limit the amount of entrained organic. A scaveng­
ing unit such as an activated-carbon bed might be 
used. The carbon would be periodically steam- 
stripped, thereby returning the organic to the 
circuit. In the solvent extraction circuit, the 
loaded organic from extraction is stripped with a 
1- 1 0 % caustic solution at an organic-to-aqueous 
flow ratio of at least 1 0 : 1  in order to achieve 
the desired concentration of the gold values. The 
loaded strip solution is then passed to a conven­
tional gold electrowinning cell.
It should be appreciated that the mixer-settler 
might not, in fact, be the best contactor for a 
gold solvent extraction circuit which requires 
high aqueous-to-organic flow ratios and very low 
organic losses. Among the contactors that could 
be considered are raining drop, centrifugal, or 
pulsed columns. ■■■•■>■ '
If contacting of the aqueous and organic phases 
proves to be difficult, another process option is
to impregnate a porous polystyrene bead with the 
extractant, producing an impregnated resin, and to 
follow a resin-in-column (RIC) procedure. How­
ever, several advantages such as capacity, kinet­
ics, selectivity, etc. over conventional RIC tech­
nology will have to be proved If this approach is 
to be adopted.
Many of the technological features of the gold 
SX process are described in another paper pre­
sented at the 1983 SME Fall Meeting (Mooiman and 
Miller, 1983). A brief summary of these features 
will be presented below.
The organic phase consists of a weak base amine 
whose basicity, with respect to gold extraction, 
has been increased by the addition of an organic 
phosphorous oxide modifier, such as TBP, all in an 
appropriate diluent. The gold-loading step can be 
performed at about pH 9.5 depending on the amine 
type and concentration, the modifier type and con­
centration, and possibly the diluent type. Small 
acid additions to the leach solution might be nec­
essary in some cases to decrease the pH to a value 
in the range of pH 9-10 to maximize loading. The 
loading reaction for a secondary amine can be 
described as follows:
R2NH + H+ + Au(CN ) 2 t  ^ N H * ]  [Au(CN>2 ]
where R = C^q - C ^  a lkyl group. Good extraction is 
achieved at pH 9.5 even for feed solutions con­
taining 10 ppm as shown in Table 3.
Stripping can be accomplished at pH values 
where the amine deprotonates, i.e., pH 12-13 or
EXTRACTION
GOLDCATHODES
Figure 6 . Conceptual flowsheet for gold recovery using solvent extraction.
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Table 3. Gold Extraction from Cyanide Solution 




from 1 0  ppm 
Gold Solution
9.5 . 1 0 0 . 0
1 0 . 0 87.3
10.5 73.2
11.0 27.1
11.5 1 1 . 8
with a caustic solution of about 0.1-0.5%. The 
loading and stripping reaction rates are rela­
tively fast, and therefore long contact times are 
not necessary. Excellent selectivity for gold 
over other metal cyanoanions present in alkaline 
cyanide leach solutions, e.g., Fe(CN)^ , Cu(CN)j 
etc. has been found which should allow for the 
production of a relatively pure gold product.
This technology has some interesting possibili­
ties, and at the moment research and development 
activities are in progress.
Direct Electrowinning (DEW)
Electrowinning of gold according to the Zadra 
technique is practiced using rich eluates gene­
rated by the stripping of carbon, froj.car.boa. ad- 
sorptlon clrcuitgj In the case of heap leaching 
'^mcT'as- discussed in this paper, concentrated auro- 





Paul et al. (1983) defined a "concentrated" auro- 
cyanide solution as having gold concentrations 
ranging from 50 to 2000 ppm. At these concentra­
tions gold can be electrodeposited onto encased 
stainless-steelwool cathodes. The direct electro­
winning (DEW) of gold from dilute aurocyanide sol­
ution represents an emerging technology which has 
been suggested for heap leaching operations. Di­
lute aurocyanide solutions from heaps are defined 
as those having gold concentrations in the range 
of 1 to 10 ppm Au.
A direct electrowinning system, from which gold 
is recovered in the metallic state must have ex­
tended surface area electrodes and can be basic­
ally categorized as a flowthrough supported fiber 
electrode or as a particulate (packed-bed) elec­
trode. In both cases, the electrodes are charac­
terized as conductive material having extended 
surface areas (i.e. fiber or particulate carbon). 
The porous nature and the large active electrode
area serve to increase the mass transfer limiting 
currents and thus the rate of electrodeposition by
* reduction of boundary layer thickness as a 
result of the increased flow velocity imposed 
by the flow of solution through macro- and 
micro-channels of the electrode.
* increased specific surface area.
These factors may make it practical to electro­
win metals at low concentrations from aqueous 
solution.
The DEW process for recovering precious metals^ 
from heap leaching circuits is illustrated in 
Figure 7. 'Leach solution from the heaps is clari­
fied to remove suspended solids and is pumped to 
the electrolysis cells. Gold and silver are elec­
trochemically deposited onto the extended surface 
area (ESA) cathodes and the barren solution is 
returned to the heaps after reagent make-up. The 
precious metal product can be recovered in several 
ways depending on the electrode system:
* For the particulate packed-bed electrode, the 
metal can be recovered by melting the carbon/ 
precious metal particles in a furnace.
* For the supported, fibrous flowthrough elec­
trodes, the metal can be removed by electro­
lytic stripping (i.e., the loaded cathode can 
be connected anodically and the metal depos­
ited on a solid starting sheet cathode).
* Alternately, a chemical stripping approach can 
be used on either electrode system.
In the alkaline cyanide leach solution, the 
cathodic reactions of interest are:
Au(CN)^ + e + Au + 2CN- E° = -0.64v 
Ag(CN ) 2 + e + Ag + 2CN- E° = -0.31v 
02 + 2H20 + 4e + 40H- E° = O.AOv
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Figure 7. Conceptual flowsheet for gold
.., , . recovery by direct electrowinning.
As reported in Table 1 heap leach solutions may 
contain significant concentrations of c.uprocyanide 
species which can undergo cathodic reduction as 
well,
Cu(CN)^- + e + Cu + 4CN~ E° = -0.75v
The reduction of the Cu(CN ) 2  has a standard elec­
trode potential of E° = -0.43v. In either case, 
Au, A g , and Cu will ptobably co-deposit at the 
operating potentials. ’ .
Oxygen is generated at the anode and cyanide 
ion is oxidized according to the following anodic 
reaction:
CN- + 20H- + CNO- + H20 + 2e E° = 0.97v
The cyanate ion reacts in the bulk solution to 
yield CO 2 and NH^ as follows:
CNO" + 2H20 + C0 2 + NH3 + OH- K = 9.1
Cyanide destruction during DEW can be avoided by 
using a diaphragm electrolysis cell which isolates 
the anodic compartment from the gold-bearing cya­
nide solution.
HSA Reactors Limited (1982) of Toronto, Canada, 
manufacture and market a high-surface-area (HSA) 
carbon-filter electrolysis system. This system 
has been piloted at a heap-leaching operation in 
Nevada. It is reported that existing systems can 
accommodate solution flow rates of up to 400 gpm 
and can achieve acceptable metal loadings from 
precious metal solutions containing as little as
0 . 0 1  oz/ton. .
Maslii and coworkers (1970) have examined the 
application of extended surface area electrodes in 
gold hydrometallurgy, operating cells since the 
early 1970s. The carbon-graphite fiber version 
contains 1 0 -micron diameter threads giving a spe­
cific surface of 0.2 m^/g. The capacity of these 
cells is projected to reach 180 gpm. .
Summary of Technological Features
1) Features of Conventional Technology
Merrill Crowe Process
Fast Reaction Kinetics
Passivation-TSS, O 2 , Poisons
Low Selectivity .
Ease of Operation
Good Accounting, Low Inventory -
Carbon in Column
Slow Adsorption/Desorption Kinetics 
Excellent Recovery . .. '
Low Sensitivity to TSS ' • ■
Fair Selectivity , , ■
Carbon Transport-Regeneration
Poor Accounting, High Inventory ,
2) Features of New Technology .
Resin in Column
Intermediate Reaction Rates • i
. Insensitive to TSS ,
Fair Selectivity > -
Size/Density
Solvent Extraction
Fast Reaction Kinetics : : 1
Sensitive to TSS . ■ .
Good Selectivity ..  ‘ i ■■■.■.,•
Organic Losses ; • ; , ■ • . ■ ■
Direct Electrowinning
Fast Reaction Kinetics .
Sensitive to TSS
Fair Selectivity . ■
. Low Capacity v: : - ,
ECONOMIC ANALYSIS
As detailed in the first part of this paper, 
some of the new technologies, for example resin- 
in-column (RIC), appear to offer considerable 
technical advantage over the well-established 
procedures such as Merrill-Crowe (MC). However, 
it is interesting to examine how these new tech­
nologies compare economically, and this is the 
objective of this section of the paper.
In order to present a fair comparison between 
the various technologies, the capital and operat­
ing costs of only the gold recovery section were 
calculated. Ore preparation, leaching, tailings 
disposal, solution ponds, etc., were considered 
the same for all processes. Also, the cost esti­
mation procedure was based on a theoretical feed 
solution containing only gold. Silver recovery 
was not considered. All calculations were based 
on volumetric flowrates of pregnant leach liquor
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and concentration of gold in the leach liquor. 
Solution flowrates in the 100-1000 gpm range were 
chosen, and two typical gold concentrations, 1 and 
5 ppm, were used. These values should cover the 
wide range of operating conditions typically ex­
perienced in gold heap-leaching practice.
It is not intended that these capital and 
operating costs be definitive for any particular 
plant, but rather they serve as a basis of com­
parison of a particular processing strategy with 
respect to others. Any definitive cost study 
comparing process alternatives for a particular 
applications should of course involve the costing 
of the overall process, and naturally the extent 
of gold recovery would feature significantly in 
the calculation. However, recovery figures for 
new process options are often hard to come by and 
are not featured in our calculations. Unfortu­
nately the costs for the DEW process we're not 
'available' for inclusion in this report.
Capital Costs
The simplified flowsheets illustrated in Fig­
ures 2 to 5 were costed on the following basis:
The capital cost estimates for the 100 and 1000 
gpra extreme cases were obtained by costing the 
major items of equipment required for each process 
alternative. Engineering and construction costs 
were estimated. Piping, instrumentation, electri­
cal, and ancillaries were factored from the cost 
of the major items of equipment. The cost of 
buildings and c.ivils were excluded. The capital 
costs for the intermediate 500-gpra case were fac­
tored from the 1 0 0 0 -gpm costs using a cost expo­
nent of 0.67, i.e., (500/1000)0 * 6 7  .
It should be appreciated that all these plants 
were sized and costed from the flowsheets. How­
ever, it should be noted that package processing 
units are available which are ideal for low flow­
rates and far less expensive than building a plant 
for a specific duty. For example, an MC unit that 
treats 50 gpm of leach solution can be obtained 
for approximately $25,000. The cost of these 
package units were not considered in this evalua­
tion. Capital cost results are shown in Table 4.
Some interesting observations can be made from 
Figure 8 which shows capital cost versus solution 
flowrate for a 1 ppm Au feed. For all flowrates, 
the RIC option appears to be the most attractive
FLOWRATE , GPM
Figure 8 . Capital cost as a function of
solution flowrate at 1 ppm gold for 
different process alternatives.
as it has the lowest capital cost. It is less 
expensive than the CIC process because the RIC 
elution circuit does not require heat exchangers 
to heat the eluant and it does not require a re­
generation kiln — a particularly expensive 
item. At the lower flowrates (100 gpm), SX ap­
pears more economical than CIC or M C , but, at 
higher flowrates, the capital cost rapidly rises, 
making it economically unattractive.
In the CIC circuit some saving could be ob­
tained if a vertical kiln were used instead of a 
horizontal kiln. The vertical kiln is approxi­
mately 30% less expensive and has a far lower 
operating cost. However, its efficiency and ef­
fect on carbon attrition is not known and will 
have to be determined. Considerable savings for 
both the RIC and CIC could be realized if a well- 
developed continuous ion exchange contactor were 
used instead of the discrete column arrangement as 
conventionally used in CIC circuits. Initial 
calculations indicate that overall capital cost 
savings of about 25% for both RIC and CIC could be 
obtained if a continuous contactor were installed. 
Some of the advantages that a continuous contactor 
would offer are:
Table 4. Capital Cost in 1983 U.S. Dollars
for Different Gold Recovery Options
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* lower operating cost
* reduced plant area
* high extraction efficiencies ,
* simpler operation
* lower carbon/resin degradation ,
* high security for loaded carbon/resin
* lower carbon/resin inventory and reduced gold 
lock.-up
* no dilution of process stream (due to the use 
of eductors)
Capital cost versus concentration of gold in 
the feed is depicted in Figure 9. It is interest­
ing to note that the capital cost for both the RIC 
and CIC processes increase as the gold in the feed 
increases. As the gold concentration in the feed 
increases, the rate of gold loading on resin and 
carbon increases at a slower rate, and the carbon 
and resin will have to be moved faster through the 
circuit. Therefore, a larger stripping and/or 
regeneration section will be required, resulting 
in an increased capital cost. In the MC process, 
increasing gold concentration is simply handled by 
increasing the zinc addition rate. In solvent ex­
traction the phase ratio could be decreased or the 
gold loading in the organic could be increased, 
except that the latter could increase gold losses 
via the entrained organic. The results in Figure 
9 indicate that, at high gold concentrations (> 5 
ppm), MC processing is the preferred procedure — 
a conclusion that has been borne out in industrial 
practice.
G O L D ,  ppm
Figure 9. Capital cost as a function of
solution concentration for different 
process alternatives at 1 0 0 0  gpm.
Operating Costs ' :
The basis for the calculation of operating 
costs is available from the authors on request.
The results from these detailed calculations of 
operating cost for each process are presented in 
Tables 5 through 8 . The operating costs in $/1000 
gal and $/annum are considered for a 1 0 0 0  gpm 
plant and gold concentrations of 1 and 5 ppm. As 
can be seen in comparing carbon-in-column with 
Merrill Crowe, there is little difference in total 
operating costs for conventional technology and 1 
ppm. However, a significant increase in carbon- 
in-column cost occurs for higher gold tenors. The 
reason for this cost increment is associated with 
the necessity to advance the carbon at a faster 
rate for higher concentrations and attendant in­
crease in stripping and regeneration cost. How­
ever, all the carbon need not be regenerated on 
every cycle. The operating costs for a Merrill- 
Crowe process are particularly sensitive to zinc 
consumption which increases as the gold tenor 
rises.
Table 5. MERRILL-CROWE OPERATINGCOSTS
1000 gpm -— 1 ppm 1000 gpm —5 ppm
. • , S/1000 gal $/year* S/1000 gal S/year*
Labor 0.40 201,600 0.40 201,600
ChemicalsZincFilter Aid 0.10-0.200.15-0.30 75,600 ] 13,400 0.20-0.40 0.15-0.30 151 ,200 113,400
Power 0.10 50,400 0.10 50,400
Total 0.75-1.00 441,00 0.85-1.20 516,300
*Average cost per year
" '_ ! Table 6. CARBON-IN-COLUMN OPERATING COSTS
1000 gpm— 1 ppm 1000 gpm —5 ppm
S/1000 gal S/year S/1000 gal S/year
Labor .64 322,500 0.64 322,500










70,500 2,000 201,600 35,300
Total 0.926 470,400 1.314 665,900
Of the newer technologies, RIC appears particu­
larly attractive. Solvent extraction, on the 
other hand, has a larger operating cost, a large 
component of which is contributed by the assumed 
organic loss. These organic losses and attendant 
operating costs could be improved if a coalescence 
unit were introduced into the circuit.
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Table 7. RESIN-IN-COLUMN OPERATINGCOSTS
1000 gpm—■ 1 ppm 1000 gpm —5 ppm
$/1000 gal $/year $/1000 gal $/year
Labor 0.64 322,500 0.64 322,500





PowerE.W. Cell Motors and Pumps 0.05 30025,200 0.0040.07 2,00035,300
Total 0.746 363,000 0.908 458,000
Table 8• SOLVENTEXTRACTION OPERATINGCOSTS
1000 gpm— 1 ppm 1000 gpm —5 ppm
$/l000 gal $/year* $/1000 gal $/year*
Labor .064 322,500 0.64 322,500





PowerE.W. Cell Motors and Pumps 0.05 30025,200 0.0040.05 2,100 25,200
Total 1.69-1.848 893,500 1.73-1.89 909,700
Average cost per year
Overall Cost Comparison
A convenient way to make an economic assessment 
of the process technologies is by considering the 
cumulative costs (capital plus yearly operating 
costs) that accrue during a period of operation. 
Such a comparison is presented in Figures 10 and
11. On these figures, the capital cost is repre­
sented by the intercept on the ordinate. The 
yearly operating costs are all in 1983 U.S. dol­
lars .
The comparison indicates that at low gold 
concentration ( 1  ppm) there is little difference 
between MC and CIC in terms of overall cost. How­
ever, at increased gold concentrations (5 ppm), 
the cost for CIC is significantly greater than for 
MC. Therefore, of the conventional technologies, 
MC is the preferred method of gold recovery, 
especially at higher gold tenors.
In addition, this comparison points out that 
additional work will be required to make solvent 
extraction a competitive process alternative for 
heap leach solutions. It should be noted, how­
ever, that for gold concentrations exceeding 5
ppm, solvent extraction could become economically 
competitive. On the other hand, significant sav­
ings may be realized by the utilization of resin- 
in-column technology. The RIC process alternative 
offers an exciting process alternative for the 
recovery of gold from cyanide leach solutions.
YEARS OF OPERATION
Figure 10. Cumulative cost for different 
process alternatives at 1 0 0 0  
gpm / 1  ppm gold.
YEARS OF OPERATION
Figure 11. Cumulative cost for different 
process alternatives at 1 0 0 0  
gpm/5 ppm gold.
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SUMMARY AND CONCLUSIONS ,
The potential for technology change in the 
recovery of gold from cyanide heap leach solution 
is high. This change could be via developments in 
conventional technology. In the case of the car- 
bon-in-column process, improved reactor design 
(continuous contactors) and improved rate/selec­
tivity of the adsorption/desorption reactions may 
provide for the advance in process technology. 
Probably the most signficant feature of carbon 
recovery technology is the essentially complete 
removal of gold from 1 ppm leach solutions. Elec­
trolysis from the strip solution usually results 
in a satisfactory product quality for bullion pro­
duction. :
In the case of the Merrill-Crowe process, care 
must be taken to avoid the passivation and/or poi­
soning of zinc dust in order to achieve successful 
recovery from dilute heap leach solutions. The 
cementation reaction is fast, but the precipita­
tion product quality can be low, especially for 
recovery from dilute solutions containing impuri­
ties. Electrolysis is not required in the Mer­
rill-Crowe process. Although the processes differ 
significantly from a technology viewpoint, capital 
and operating costs are similar. It seems that 
the operating costs at 5 ppm gold would be some­
what higher for a carbon plant than for a Merrill- 
Crowe plant. •
Development of new technology is in progress 
both in the U.S. and abroad. Some new process 
alternatives include resin-in-column, solvent ex­
traction, and direct electrowinning. The most 
advanced of these alternatives is the resin-in- 
column process. Physical properties of the resin 
beads, selectivity and ease of stripping are areas 
of concern for the future development of the 
resin-in-column technology. Cost analyses suggest 
that such a process may have an advantage over 
conventional technology for gold recovery from 
heap leach solutions. New modified amines and 
other extractants have been discovered for selec­
tive solvent extraction of gold from alkaline 
cyanide solutions. With such extractants it 
should be possible to produce high-purity concen­
trated gold solutions. Engineering aspects of the 
solvent extraction system must be considered fur­
ther. Solvent extraction seems to be competitive 
from a cost standpoint at concentrations exceeding 
5 ppm. Direct electrowinning is possible with 
fiber electrodes and some pilot-scale programs are 
in progress to allow for better estimates of the 
potential of this technology.
Although many advances have been made in the 
past decade, exciting possibilities still exist 
for further improvement and innovation in gold 
recovery technology.
ACKNOWLEDGEMENT
MBM wishes to thank the Council for Mineral 
Technology, South Africa, for sponsorship of his 
graduate Studies.
1. Chamberlain, P. G., and Pojar, M. G., 1981, 
"The Status of Gold and Silver Leaching Oper­
ations in the United States," Gold and Silver 
— Leaching, Recovery, and Economics, W. J. 
Schlitt, W. C. Larson, and J. B. Hiskey, 
eds., SME-AIME, New York.
2. Clennell, 1915, "The Cyanide Handbook," 
McGraw-Hill, New York.
3. Davidson, R. J., and Veronese, V., 1979, 
"Further Studies on the Elution of Gold from 
Activated Carbon Using Water as the Eluant," 
J. S. Afr. Inst. Min. Metall., 79_, 437, Octo­
ber.
4. "Chemistry of Carbon-in-Pulp and Resin-in- 
Pulp Processes," Paper presented at the Aust. 
Inst. Min. Metall. Meeting, Carbon-in-Pulp 
Technology for Extraction of Gold, Kalgoor- 
lie, Australia (July).
5. Fleming, C. A., and Nicol, M. J., 1981, "Al­
ternative Processes to Filtration: Carbon in 
Pulp and Resin in Pulp in the Metallurgical 
Industry," Procedings of Hydrometallurgy '81, 
Manchester, England.
6 . Hendriksz, A. R . , 1983, private communica­
tion, August.
7. Hickson, R. J., 1981, "Heap Leaching Prac­
tices at Ortiz Gold Mine, Santa Fe County,
New Mexico," Presented at SME-AIME Fall Meet­
ing, November 1981, SME Preprint No. 81-347.
8 . HSA Reactors Limited, 1982, "Direct Precious- 
Metal Recovery System," HSA Bulletin DP- 
10-82, Ontario, Canada.
9. Jackson, D., 1982, "How Duval Transformed its 
Battle Mountain Properties from Copper to 
Gold Production," E and MJ, 95 (Oct.).
10. Lefler, C. A., 1981, "Leaching Practices at 
Smoky Valley Mine," Presented at AIME Annual 
Meeting, Chicago, February, 1981, SME Pre­
print No. 81-27.
11. Martin, J. P. Davidson, R. J., Duncanson, E., 
and Nkosi, N., 1976, "The Elution of Gold and 
Silver from Activated Carbon Using Organic 
Solvents and Reactivation of the Eluated 
Carbon Using Steam," Anglo-American Research 
Laboratories, Report No. 6 .
12. Maslii, A. I., et a l ., 1970, "Using Elec­
trodes with Extended Surfaces in Hydrometal­
lurgy," Tsvetn, Met., _8 ^ 40.
13. McDougall, G. J., Hancock, R. D., Nicol,
M. J., Wellington, 0. L . , and Copperthwaite, 
R. G., 1980, "The Mechanism of the Absorption 
of Gold Cyanide on Activated Carbon," J.S. 
Afr., Inst. Min. Metall., 80, 344.
REFERENCES '
P R O C E S S  A L T E R N A T I V E S  F O R  G O L D  R E C O V E R Y
McQuiston, F. W . , and Shoemaker, R. S., 1981,
Gold and Sliver Cyanidation Plant Practice 
Vol. II, SME, AIME, New York.
Mooiman, M. B . , and Miller, J. D., 1981,
"Selectivity Considerations in the Amine 
Solvent Extraction of Gold from Cyanide Solu­
tions," SME Fall Meeting, Salt Lake City,
October.
Mooiman, M. B., and Miller, J. D . , 1983, "The 
Solvent Extraction of Gold from Aurocyanide 
Solutions," Proceedings of ISEC '83, Denver.
Muir, D. M., and Hinchcliffe, W., 1981, "Mur­
doch MCRU Solvent Process for Desorption of 
Gold from Activated Carbon," Mineral Chem­
istry Research Unit Report (December).
Paul, R. L., Filmer, A. 0., and Nicol, M. J.,
1983, "The Recovery of Gold from Concentrated 
Aurocyanide Solutions," Hydrometallurgy Re­
search, Development and Plant Practice, eds.,
K. Osseo-Asare and J. D. Miller, TMS-AIME,
New York.
Zadra, J. B., Engel, A. K . , and Heinen,
H. J., 1952, "A Process for Recovery of Gold
from Activated Carbon by Leaching and Elec- t
trolysis," U.S.B.M. Report #4843.
